While animal research has consistently reported preventive effects of exercise against drug abuse vulnerability, little is known about the influence of the developmental stage during which exercise is displayed on addictive drugs responsiveness. This study aimed to determine whether prenatal exercise could attenuate acute cocaine reactivity and psychomotor sensitization in youth offspring. We used a split-plot factorial design where C57BL/ 6 J females were randomly assigned into sedentary or exercised (wheel-running) conditions before and during gestation, the wheels being removed on gestational day 18. Offspring were weaned, gendered and individually housed on 24-28 days old. At 38-42 days old, they were tested for their acute psychomotor responsiveness to 8 mg/kg cocaine and their initiation of sensitization over 8 additional once-daily administrations, the long-term expression of sensitization occurring 30 days later. Adolescent females born from exercised mothers were much less responsive to the acute psychomotor-stimulating effect of cocaine than those born from sedentary mothers (d = 0.75, p = 0.02), whereas there was no evidence for such a difference in males (d = 0.34, p = 0.17). However, we did not find sizeable attenuating effects of prenatal exercise on the initiation and the long-term expression of the psychomotor-activating effect of cocaine, in either sex (Cohen's ds varying from −0.13 to 0.39). These results suggest that prenatal exercise may induce initial protection against cocaine responsiveness in youth females, a finding that warrants further research.
Introduction
Epidemiological studies reported a negative association between physical exercise or sports participation and the initiation of drugs of abuse consumption (e.g., tobacco and cannabis smoking) [1, 2] . Likewise, preclinical research has shown that exercised rodents through wheel-running -the most popular model of aerobic exercise in this field -, exhibit attenuated rates of acquisition or motivation of self-administration of various addictive drugs including cocaine, compared to their unexercised counterparts [2, 3] . Consistent with self-administration reports, wheel-running exercise has also been shown to be effective at reducing the acute and chronic locomotor-stimulating effects of cocaine as well as the expression of sensitization to those effects [4] [5] [6] [7] , a phenomenon involved in addictive processes [8, 9] .
Recently, we observed that wheel-running exercise during adolescence (from 28 to 50 days of age), but not adulthood (from 77 to 99 days of age), induced long-term protection against cocaine psychomotor reactivity in females and males tested later in life [7] . These results suggest that early-life periods may be particularly sensitive to the (long-term) benefits of exercise, presumably because of, at least in part, structural and functional brain plasticity in regions involved in motivation and reward that continue to mature during adolescence [10, 11] .
We believe that the understanding of the interaction between exercise and development would deserve further investigations. In particular, it is well-known that some environmental stimuli during prenatal life (before or during gestation, or both) can subsequently affect the development and phenotypes of progeny.
In the absence of obstetric complications or medical contraindications, pregnant women are encouraged to participate in aerobic activities compatible with their exercise history [12, 13] . Exercise during pregnancy is associated with health benefits regarding both maternal and pregnancy outcomes without evidence for detrimental effects on the fetus and neonate [13] [14] [15] . Although limited, a few studies have also reported a positive association between prenatal exercise and neurodevelopmental measures in offspring [16] .
Preclinical research has shown that treadmill or wheel-running exercise during gestation (the exercise regimen sometimes starting before conception), can induce positive effects on several biological and behavioural endpoints in offspring, in particular, pro-cognitive effects [17] [18] [19] [20] . For example, Robinson and Bucci [20] have shown that rats born from exercised mothers during pregnancy and tested in adulthood (from 60 days of age), exhibited better capabilities of discriminating between novel and familiar objects compared to rats born from sedentary ones. In spite of these encouraging evidence, we are unaware of experiments investigating the effects of prenatal exercise on drugs of abuse susceptibility in offspring.
The present study attempted to determine the extent to which voluntary exercise performed before and during gestation could affect the initiation and the expression of psychomotor sensitization induced by a rewarding dose of cocaine in young female and male offspring. More specifically, we assessed cocaine-induced acute locomotor reactivity, locomotor sensitization developing over 9 once-daily sessions, and the long-term expression of the sensitized response in C57BL/6 J mice born from mothers housed either with or without a running wheel before and during gestation.
Material and methods
The protocol was made available on the Open Repository and Bibliography of the University of Liège before the beginning of experimental testing (http://hdl.handle.net/2268/207692).
Ethical aspects
All experimental treatments and animal maintenance were reviewed by the University of Liège Animal Care and Experimentation Committee (animal subjects review board), which gave its approval according to the Belgian implementation of the animal welfare guidelines laid down by the European Union ("Arrêté Royal relatif à la protection des animaux d'expérience" released on 23 May 2013, and "Directive 2010/63/EU of the European Parliament and of the Council of 22 September 2010 on the protection of animals used for scientific purposes"). All efforts were made to minimize the number of animals used and their suffering. Moreover, the ARRIVE guidelines (Animal Research Reporting In Vivo Experiments), which have been developed to improve the quality of experimenting and reporting in animals studies, were followed as closely as possible [21] .
Breeders housing
A total of 168 females and 84 males C57BL/6 J mice were used for breeding and obtained at 6 weeks old from JANVIER, Le-Genest-SaintIsle, France. Although these quantities were slightly below than those anticipated and mentioned in our protocol (N = 192 females and N = 96), this "deviation" has had no impact on our hypotheses, sample size (offspring), testing procedure or the statistical analysis plan. The choice of C57BL/6 J strain was based on its extensive use in addiction research and previous exercise-related experiments performed in our lab [5] [6] [7] . Upon arrival, mice were housed in groups of eight (same-sex) in sizeable transparent polycarbonate cages (38.2 x 22 cm surface x 15 cm height; TECHNIPLAST, Milano, Italy) for one week of acclimation. On the following day, all mice were individually housed in smaller TECHNIPLAST transparent polycarbonate cages (32.5 x 17 cm surface x 14 cm height) with pine sawdust bedding, between-animal visual, olfactory and acoustic interactions remaining possible. Tap water and food (standard pellets, CARFIL QUALITY, Oud-Turnhout, Belgium) were continuously available. The animal room was maintained on a 12:12 h light-dark cycle (lights on at 07.00 a.m.), at an ambient temperature of 20-23°C.
For females, the two housing conditions were defined by the presence or the absence of a running wheel on the surface of the tub. A running wheel was made of an orange polycarbonate saucer-shaped disk (diameter 15 cm, circumference 37.8 cm; allowing an open running surface) mounted on a plastic cup-shaped base (height 4.5 cm) via a bearing pin so as to being inclined from the vertical plane at an angle of 35°(ENV-044, Med Associates; St Albans, VT, USA). The base was fixed on a stable, transparent acryl-glass plate. Running exercise was monitored continuously using a wireless system, each wheel being connected to a USB interface hub (DIG-804, Med Associates) which relayed data to a Wheel Manager Software (SOF-860, Med Associates). Fig. 1 . Experimental timeline and design. Seven-weekold females were housed individually either in the presence (EX) or the absence (SED) of a running wheel for 3 weeks followed by a 12-to-60-hour period of mating (two females for one male). Females returned into their respective cages (in the same pre-mating conditions, either EX or SED) and the day was designated as gestational day 0 (GD0). Wheels were removed on GD18. Day of birth was designated as postnatal day 0 (PND0), and pups were left undisturbed together with their mothers during the lactation period. Offspring were weaned on 24-28 days old, gendered, and individually housed. Testing began on 38-42 days old. The experiment comprised eight experimental groups incorporated in a split-plot factorial design with N = 136, n = 17; females and males (2 levels) from each prenatal housing condition (2 levels) receiving either cocaine or saline (2 levels). H: habituation session (to familiarize animals to the novelty of the test context without neither injection nor measures); B: baseline session, the 2nd once-daily session assessing the baseline activity under saline; C: cocaine intraperitoneal administration (9 once-daily sessions); S: saline administration (9 once-daily sessions; control animals). E: session on which the expression of the sensitization was assessed 30 days after the last sensitizing injection, under the previous pharmacological treatments.
Experimental design and procedure
Experimental timeline and general design are presented in Fig. 1 . Based on a computer-generated randomization schedule, females were randomly assigned to exercise (EX, n = 84) or sedentary (SED, n = 84) housing. After 20 days in these conditions, they were housed with a breeder male for mating (two females for one male) during a 12-to-60 h-period depending on the presence of a vaginal plug checked every morning. Then, females returned in the same pre-mating conditions (EX or SED), and the day was designated as gestational day 0 (GD-0). A total of 71 females (42.3%) showed gestation (EX, n = 32; SED n = 39). Wheels were removed from cages on GD-18 to minimize the risk of negatively influencing parturition. Mice were checked for birth twice daily.
The day of birth was designated as postnatal day 0 (PND-0), and pups were left undisturbed together with their mothers during the lactation period. At birth, 9 litters were excluded due to death or not viable neonates (EX, n = 4; SED, n = 5).
As the number of pups in C57BL/6 J average 6, and because we wanted each experimental group (four groups; females and males receiving cocaine or saline) within each housing condition (EX or SED) to be represented in each litter by one mouse, only litters that comprised (at least) two females and two males were included. To employ the most homogeneous litters as possible, we also excluded litters with a number of pups ≥8. A total of 38 litters met these criteria (EX, n = 17; SED, n = 21). To obtain an equal sample size, 4 sedentary litters were excluded (randomly). Therefore, 34 litters were included in this experiment (EX, n = 17; SED, n = 17). Dams and pups that were not involved in this study were kept for either animal husbandry or the development of future experiments.
Since the four possible treatments (female/cocaine, female/saline, male/cocaine, male/saline) were represented within each litter with one mouse, litter was incorporated as a random factor in a split-plot factorial design with the housing condition (2 levels: EX, SED) as a between-block factor and sex (2 levels: female, male) and drug (2 levels: cocaine, saline) as within-block factors [22] with a total of eight experimental groups with n = 17 (as independent experimental units). Supplement 1 presents the flowchart of dams/litters and the split-plot factorial design. This sample size was based on our previous experiment [7] where a 3-week regimen of exercise during adolescence induced a long-term (post-exercise) protective effect against cocaine responsiveness in females and males C57BL/6 J, the smallest effect being observed in males (interaction between housing condition and drug found at ƞ²p = 0.07 or d = 0.53 based on crossed contrasts; see "data analysis" section 2.6).
Offspring were weaned on 24-28 days old, gendered, and individually housed in polycarbonate cages (30 x 12 cm surface x 13 cm height) with pine sawdust bedding, tap water and food (standard pellets, CARFIL QUALITY, Oud-Turnhout, Belgium) being continuously available. Behavioural testing began on 38-42 days old (adolescence [23] ) and was identical to our previous study [7] , comprising the following four phases. (1) A 1st session to familiarize animals with the novelty of the test context without neither injection nor measures. (2) A 2nd drug-free session evaluating the baseline psychomotor activity under saline. (3) Nine once-daily injections of cocaine or saline, initiating psychomotor sensitization after the baseline session. (4) Taking place 30 days after the 9th (last) cocaine injection, a single-test assessing the long-term expression of sensitization on which animals received their previous respective pharmacological treatment. Three days before the testing began, all mice were familiarized with handling through saline injection in the animal room. Throughout testing, mice were weighed and received their pharmacological treatment right before being placed in the test chamber, the recording of ambulatory crossings lasting 30 min in all sessions. Experimental blinding was not realized because the unique experimenter inevitably knew the housing condition and the pharmacological treatment of each mouse.
Drug treatments
(−)-Cocaine hydrochloride (BELGOPIA, Louvain-La-Neuve, Belgium), dissolved in an isotonic saline solution (0.9% NaCl), was injected at a dose of 8 mg/kg in a volume of 0.01 ml/g of body weight, the control treatment consisting of an equal volume of isotonic saline solution. All injections were given intraperitoneally (i.p.). The dose and route of administration were based on our previous studies [6, 7] . Note that this dose is known to also induce rewarding eff ;ects in C57BL/6 J mice as measured by conditioned place preference [24] .
Behavioural test chambers
A battery of eight home-made chambers, connected to a custom written software for data collection, was used to measure mice psychomotor activity. Each activity chamber was constituted of a removable transparent polycarbonate tub (22 x 12 cm surface x 12 cm height), embedded onto a black-paint wooden plank serving as a stable base. The lid was made of a transparent perforated acryl-glass tablet. Two photocell sources and detectors were mounted on the plank such that infrared light-beams were located on the two long sides of the tub at 2-cm heights from the floor, 8-cm apart and spaced 6.5 cm from each end of the tub. Psychomotor activity (locomotion) was measured in terms of crossings detected by the beams, one crossing count being recorded every time an ambulating mouse broke the two parallel beams successively. The activity chambers were individually encased in sound-attenuated shells that were artificially ventilated and illuminated by a white light bulb during testing. Each shell door comprised a window allowing periodic surveillance.
Data analysis
Inferential statistics were computed on the following data. (1) The acute responsiveness to the psychomotor-activating effects of cocaine scored as the difference between the values derived from the first cocaine session and those of the baseline session. (2) The overall responsiveness to the psychomotor-activating effects of cocaine over the initiation of sensitization (9 sessions) scored as the area under the curve with respect to zero. (3) The sensitization increment (development) of the psychomotor-activating effects of cocaine over the initiation of sensitization scored as the area under the curve with respect to the first cocaine session (AUC increase; calculation formulas are detailed in Pruessner et al. [25] ). (4) The psychomotor activity exhibited during the expression of sensitization.
Each set of data was first analyzed by a split-plot factorial ANOVA in which the housing condition (2 levels: EX vs. SED) was incorporated as a between-block factor, with the sex (2 levels: female vs. male) and the drug treatment (2 levels: cocaine vs. saline) as within-block factors [22] , estimation of the effect sizes being given by partial eta-squared (ƞ²p), classifiable as small (0.01), medium (0.06) or large (0.14) [26] .
The primary outcomes, defined by our a priori hypotheses, were given by planned crossed contrasts testing interactions of interest (see [27] ). Specifically, our crossed contrasts, separately computed in females and males, compared the difference (or the effect) between the values of the EX/COC and EX/SAL groups with the difference between the values of the SED/COC and SED/SAL groups. Each contrast was derived from the appropriate mean-square error term (MSE) provided by the ANOVA, the statistical significance threshold being set at 0.025 (Bonferroni correction). One-tailed t-tests were used for these comparisons since mice from SED mothers were expected to display greater cocaine responsiveness than those from EX mothers. Effect sizes were estimated and given by Cohen's ds (calculated from the corresponding ts and dfs), classifiable as very small (0.01), small (0.20), medium (0.50), large (0.80), very large (1.2) and huge (2.0) [28] .
As secondary outcomes, the primary psychomotor-activating effects of cocaine within each group was ascertained using one-tailed t-tests (cocaine vs. saline) taken at a statistical significance threshold of 0.05, adjustments being unnecessary due to oversized effects. The graphs present means ± 95% confidence intervals (CI).
Results

Prenatal wheel-running activity
As shown in Fig. 2 , mice housed with a wheel showed a typical increase in running activity (expressed in kilometers / 12 h) over two weeks, the plateau being reached from around the 10th day (pre-mating period). A drop in running distances was observed immediately after mating (GD0), although mice maintained their running activity for a few days before progressively decreasing it as their pregnancy went forward. This pattern has been previously observed elsewhere [29] [30] [31] and in our lab (supplement 2, panel B). This phenomenon is unlikely to result from the forced encounter with the sire since non-gravid (nonpregnant) females did not exhibit it (supplement 2, panels A and B). Therefore, one can reasonably suggest that this sharp decrease was mainly due to their pregnancy-related physiological state. Fig. 3 depicts the acute responsiveness to the psychomotor-activating effects of cocaine in females (panels A and B) and males (panels C and D) born from mothers housed either with (EX) or without (SED) a running wheel before and during gestation. Panels B and D describe the time-course of the responsiveness over the six 5-min within-session intervals (no inferential statistics were computed on these data). The split-plot ANOVA resulted in a strong significant housing-by-drug interaction (ƞ²p = 0.15, F ( 132 ) = 5.75, p = 0.02) along with a negligible non-significant housing-by-drug-by-sex interaction (ƞ²p = 0.01, F ( 132 ) = 0.36, p = 0.55). Importantly, planned crossed contrasts indicated that the attenuating effect of prenatal exercise was significant and strong in females (d = 0.75, t (32) = 2.11 at p = 0.02), but modest and non-significant in males (d = 0.34, t (32) = 0.96 at p = 0.17). As expected, the basic psychomotor-activating eff ;ects of cocaine within each housing condition were large to huge (Cohen's ds ranging from 1.04 to 2.09, see Table 1 ). Regarding the expression of sensitization (see panels A and C), the diff ;erence between the eff ;ect found in mice born from exercised mothers and those born from sedentary mothers also failed to achieve statistical significance and the corresponding eff ;ect sizes were negligible to small (Females: d = 0.21, t (32) = 0.58, p = 0.28; Males: d = −0.13, t (32) = −0.36, p = 0.36). The psychomotor-activating effects of cocaine within each experimental group (secondary outcomes) were unambiguous with Cohen's ds ranging from 2.24 to 3.32 (reported in Table 1 ).
Acute psychomotor responsiveness
Initiation and expression of psychomotor sensitization
Discussion
In this study we report protective-like effects of prenatal exercise (applied before and during gestation) against the acute psychomotor responsiveness to a rewarding dose of cocaine (8 mg/kg) [24] , in youth females but not in males offspring (tested as from the age of around 40 days). However, prenatal exercise failed to substantially influence the initiation and expression of cocaine sensitization, in either sex. Mice born from exercised and sedentary mothers displayed comparable scores or values of chronic psychomotor responsiveness to cocaine.
To the best of our knowledge, our results constitute the first report of beneficial properties conferred by maternal exercise on cocaine sensitivity in progeny, extending previous findings showing that physical activity in rodents, most often through voluntary running in a wheel, can induce protective effects on drug abuse vulnerability [3] . These results also add to a series of studies reporting that various forms of maternal aerobic exercise during gestation can positively impact neuronal and behavioural outcomes in juvenile or adult offspring, most of the studies focusing on learning and memory functions [17] [18] [19] [20] [32] [33] [34] .
This set of results are in line with a plethora of research showing that brain development, which begins in utero and continues to mature until the end of adolescence [35] , can be critically affected by external factors, with long-lasting consequences on health and behaviours (see Ref. [36] for a review). In particular, it is well established that early-life exposure to adverse experiences such as prenatal maternal stress (e.g., restraint) or drug of abuse administrations during pregnancy can increase the risk of cognitive and social impairments, exacerbated emotional responsiveness (e.g., anxiety or depressive-like behaviours) or drugs vulnerability in offspring [37] [38] [39] [40] . These detrimental effects are likely due to morphological and functional changes in brain areas or circuitry involved in emotions and reward such as the dopaminergic mesolimbic pathway, hippocampus, prefrontal cortex and the hypothalamic-pituitary-adrenal axis [36, [40] [41] [42] . Given accumulating evidence that exercise also acts on these systems (e.g. [43] ) and that prenatal exercise can impact neuronal development, it is tempting to ascribe the exercise-induced beneficial effects to a sort of cross-tolerance phenomenon (from maternal activity to offspring cocaine effects), at least to some extent. However, the mechanisms by which maternal exercise may affect vulnerability to cocaine in female remain unknown.
Moreover, in our study, offspring were raised by their biological mothers. Therefore, one cannot rule out the possibility that changes in quality of mother-pup interactions account for the reported effects. Indeed, maternal care can be affected by environmental conditions during pregnancy such as restraint stress [44] . In this regard, further studies using cross-fostering design would be of great value to clarify the potential role of the postnatal environment (maternal care) on the behavioural pattern in progeny born from exercised mothers.
The fact that the reducing effect of prenatal exercise on acute cocaine reactivity was strong in females (d = 0.75), but not significant and modest in males (d = 0.34), is in conceptual agreement with our previous study showing that the long-term protection of a 3-week regimen of wheel-running exercise during adolescence against acute and chronic psychomotor reactivity to cocaine was more pronounced in females [7] . Overall, these results also concord with a recent review of sex differences in the interaction between exercise and drugs vulnerability suggesting that females may receive more benefits from exercise than males [45] . Interestingly, Maruoka et al. [46] reported in C57BL/ 6 J that environmental enrichment during gestation (comprising a running wheel) induced a (qualitative) sex-dependent effect on offspring exploratory behaviours. Maternal enrichment increased the time spent in the center of an arena (open-field test) in female only, a marker of reduced levels of anxiety-like emotional state. Since anxiolytic properties of exercise [47] have been proposed to have a mediating role in its reducing effects of drug vulnerability [3] , one can thus hypothesize that the reduction of the acute psychomotor reactivity to cocaine observed in our female may rely on such mechanisms, at least in part.
Importantly, prenatal exercise did not substantially modulate (mitigate) the initiation and expression of cocaine psychomotor responsiveness, the attenuated scores of reactivity in females born from exercised mothers being limited to those dealing with acute administration. This result contrasts with the well-marked long-term protection against chronic cocaine psychomotor responsiveness previously observed in females exercised during adolescence and tested 3 Fig. 3 . Acute reactivity. Left panels present acute psychomotor responsiveness to cocaine in females (A) and males (C) born from exercised (EX) or sedentary (SED) mice before and during gestation and tested from 38 to 42 days of age. Acute psychomotor responsiveness was scored as the difference between values from the first cocaine session and the baseline session. S: significant interaction-related difference between the effects displayed by females born from exercised mothers (EX/COC vs. EX/SAL groups) and that measured in females born from sedentary mice (SED/ COC vs. SED/SAL) taken at a p-level of 0.025. #: significant higher level than the corresponding saline group taken at a p-level of 0.05. Right panels describe time-course of acute psychomotor reactivity over the six 5-min within-session intervals in females (B) and males (D), represented by the difference between values from the first cocaine session and the baseline session. No inferential statistics were conducted on these data. Bars represent 95% CI. All P-values were significant, ranging from < 0.001 to 0.003. weeks later as adults [7] . This set of findings indicate that, unlike adolescence, exercise before and during gestation may have a limited impact on drugs of abuse vulnerability in later life stages. In spite of being continuously accessible and voluntarily performed -thus hard to be further maximized -, one can assume that the amount of exercise during gestation was not sufficient to induce reliable and detectable long-lasting behavioural changes in our mice. Nevertheless, this explanation would conflict with the few studies describing significant changes after maternal exercise in offspring tested during late adolescence or early adulthood (from PND 40-to-60 onwards). That said, one should note that these experiments, reporting exercise-induced procognitive effects, have assessed "spontaneous" exploratory behaviours, from which habituation, spatial learning or object recognition memory were inferred [18] [19] [20] . In our study, chronic cocaine administrations, mobilizing dopaminergic and glutamatergic neurotransmission within the mesolimbic system and stress-responsive functions notably (e.g., the hypothalamic-pituitary-adrenal axis) [48, 49] , might have been overwhelming, eventually preventing (or counteracting) the underlying mechanisms responsible for the initial protective effects seen in females to be maintained over time.
The weakness of maternal exercise effects regarding chronic psychomotor measures (ds varying from -0.13 to 0.39) could also rely on the length of the interval between the end of exercise (just before birth) and the psychopharmacological measures (from around 42 days of age for the initiation of sensitization and at 81 days old for its expression).
Testing progeny in early adolescence (e.g., as "prepubescents"; PND 21-to-34 [50] ) may provide better chances to detect exercise-induced protective effects against cocaine sensitization (chronic outcome), while remaining conceptually compatible with the literature on the ontogenesis of psychostimulants sensitization [50] . Lastly, one limitation of the study relies on the single-dose design. We cannot rule out the possibility that prenatal exercise might interact with cocaine dose when assessing behaviors in offspring.
To the best of our knowledge, this study constitutes the first report of an attenuating effect of maternal exercise (before and during gestation) on cocaine responsiveness in offspring females. Further studies are warranted to characterize the interaction between prenatal exercise and drugs of abuse vulnerability in the progeny. In particular, evaluating such protection by using different models of addiction (e.g., self-administration) would be of great value in the understanding of the contribution of maternal exercise to the reduction of sensitivity to addictive properties of drugs at later life stages.
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